Outer hair cells are critical to the amplification and frequency selectivity of the mammalian ear acting via a fine mechanism called the cochlear amplifier, which is especially effective in the high-frequency region of the cochlea. How this mechanism works under physiological conditions and how these cells overcome the viscous ͑mechanical͒ and electrical ͑membrane͒ filtering has yet to be fully understood. Outer hair cells are electromotile, and they are strategically located in the cochlea to generate an active force amplifying basilar membrane vibration. To investigate the mechanism of this cell's active force production under physiological conditions, a model that takes into account the mechanical, electrical, and mechanoelectrical properties of the cell wall ͑membrane͒ and cochlear environment is proposed. It is shown that, despite the mechanical and electrical filtering, the cell is capable of generating a frequency-tuned force with a maximal value of about 40 pN. It is also found that the force per unit basilar membrane displacement stays essentially the same ͑40 pN/ nm͒ for the entire linear range of the basilar membrane responses, including sound pressure levels close to hearing threshold. Our findings can provide a better understanding of the outer hair cell's role in the cochlear amplifier.
I. INTRODUCTION
Outer hair cells are crucial to active hearing providing the amplification and frequency selectivity of the mammalian ear. Such properties of the ear are associated with the active forces produced by outer hair cells. These cells are strategically located in the organ of Corti to pump an additional energy into vibrating cochlear components. The outer hair cell is electromotile ͑Brownell et al., 1985 , Brownell et al., 2001 , for review͒: if the cell is free, it changes the length, and if the cell is constrained, it generates a force. The active properties of the cochlea are particularly pronounced in its high-frequency region. Thus in order to support the mechanism of amplification, the outer hair cell active force has to be significant up to frequencies of tens of kilohertz. In the first proposal for the active cochlea, Gold ͑1948͒ foresaw an internal source of additional energy to overcome the highfrequency viscous losses ͑mechanical filtering͒ accompanying vibration of the cochlear components. Later experiments ͑Frank et al., 1999͒ showed that the outer hair cell does have such capability: Isolated cells driven by ac electric fields in the microchamber generate almost constant forces at frequencies of several tens of kilohertz. The mechanism of outer hair cell motility is associated with the membrane protein prestin that transfers an electric charge and undergoes conformational changes ͑Zheng et al., 2000; Liberman et al., 2002; He et al., 2006 , for review͒. While this protein ͑motor͒ must have a frequency limit ͑Gale and Ashmore, 1997͒, the experiment of Frank et al. ͑1999͒ shows that such limit is probably large enough to generate forces in the acoustic range.
In contrast to the conditions in the microchamber, the generation of the outer hair cell active force in vivo is associated with ac transmembrane potentials that are themselves frequency dependent. Russell et al. ͑1986͒ presented intracellular receptor potentials in outer hair cells and demonstrated their frequency filtering. Russell and Kössl ͑1992͒ presented the outer hair cell receptor potentials measured inside and outside the cell. In particular, they showed that the intracellular potentials are frequency tuned and proportional to the sound pressure level up to 90 dB. The authors also found that these potentials reach 0.2 mV for the sound pressure level equal to 40 dB. The actual potentials in the Russell and Kössl ͑1992͒ experiment were probably larger than the reported potentials because of an additional filtering of the recording system. Later, Preyer et al. ͑1996͒ presented measurements of the receptor potentials in isolated outer hair cells mechanically stimulated via their hair bundles. The authors showed a roll-off of the cell receptor potential beyond a few hundred hertz.
In outer hair cells, the transducer current caused by the inclination of the stereocilia bundle and opening of the transduction channels splits into resistive and capacitive components. The latter component increases with the frequency increase resulting in the membrane filtering of the membrane potential. The corresponding frequency roll-off was estimated on the basis of the corresponding RC circuit, including the resistive and capacitive properties of the stereocilia and outer hair cell membrane ͑Housley and Ashmore, 1992; Santos-Sacchi, 1992͒. However, the properties of the outer hair cell lateral membrane are also determined by the interaction of ion channels, motor proteins, and the surrounding lipid bilayer, and the subsequent estimates resulted in greater high-frequency receptor potentials ͑Santos- Sacchi et al., 1998; Spector et al., 2003 Spector et al., , 2005 Ospeck et al., 2003͒ The fluid environment around the outer hair cells has a finite electrical resistance, and therefore, a portion of the transducer current can flow through the surrounding fluid, changing its potential. For a given outer hair cell, the neighboring outer hair cells contribute to such extracellular potentials, resulting in an additional component of the transmembrane potential important for cell electromotility. Dallos and Evans ͑1995͒ noticed that the extracellular potentials do not undergo membrane filtering, and therefore can be effective at high frequencies. Earlier measurements of the potential external to outer hair cells resulted in quite small values ͑Rus-sell and Kössl, 1992͒. Recent measurements ͑Fridberger et al., 2004͒ showed highly tuned extracellular potentials, although their tuning curve deviates from that of the basilar membrane in the post characteristic frequency ͑CF͒ frequency region. The maximal values of the extracellular potential were not insignificant, reaching about 0.17 mV at 18 kHz for 40 dB SPL ͑Fridberger et al., 2004͒.
The membrane filtering of the receptor potential has been a critical argument in discussions of the significance of electromotility ͑Russell and Kössl, 1992͒. This effect is also important for understanding the contribution of somatic motility versus that of the alternative active mechanism associated with the hair cell's stereocilia bundle ͑Chan and Hudspeth, 2005; Kennedy et al., 2005; Fettiplace and Hackney, 2006͒ . The high-frequency physiological outer hair cellrelated active force was never measured. Earlier estimates ͑e.g., Russell and Kössl, 1992͒ were based on a comparison of the cell electromotile length changes corresponding to the measured high-frequency potential with the displacements of the basilar membrane. In the cochlea, however, the cell is not free to change its length, but it is constrained by the relatively stiff basilar membrane/ Deiters' cell and tectorial membrane/reticular lamina complexes.
In this paper, we estimate the outer hair cell active force produced under high-frequency conditions. For that, we construct a model that includes previously developed analyses of high-frequency membrane potentials ͑Spector et al., 2003, 2005͒ and the high-frequency cell mechanics ͑Liao et al., 2005a, b͒. We also took into account the extracellular potentials provided by the direct experiment ͑Fridberger et al., 2004͒. We estimated that, despite the electrical and mechanical filtering in the cochlea, the active force produced by an individual outer hair cell reaches about 40 pN in the highfrequency region. The active force corresponding to a particular location of outer hair cell inside the cochlea is frequency tuned with the maximal value reached at a point slightly below the local CF. The active force per unit of basilar membrane displacement is sound pressure level invariant, and it is the same for the entire range of the linear basilar membrane mechanics. Thus, the estimated highfrequency outer hair cell's active force can also be significant to low sound pressure levels near the hearing threshold.
II. MODEL

A. Mechanics of the outer hair cell wall
In vivo, the outer hair cell's response to physiological changes in the transmembrane potential is modulated by constraints imposed on the cell by the surrounding solid and fluid components of the cochlea. Our model includes the main cochlear components, such as the basilar membrane, supporting ͑Deiters'͒ cells, tectorial membrane, reticular lamina, and perilymphatic fluid, that affect the outer hair cell electromotile motion and active force production. Figure 1 sketches the proposed model and explains its correspondence to physiological conditions. In our model, the basilar membrane/Deiters' cell complex and the reticular lamina/ tectorial membrane complex are represented by two elastic elements attached to two ends of the cell ͓Fig. 1͑a͔͒. The external and internal surfaces of the lateral wall of the cell interact, respectively, with the viscous fluids outside and inside the cell. While the outer hair cell wall is a tri-lamina structure, we reduce it to a single layer with effective mechanoelectrical properties. These properties are described by the following constitutive equations:
that relate the internal resultants ͑forces per unit length͒ in the cell wall, N x and N , to the strain, x and , and strain rate, s x and s , components. The last term in the right-hand side of Eq. ͑1͒ represents the local active ͑prestin-related͒ forces that are generated by changes in the cell transmembrane potential. The subscripts x and indicate the axial ͑along the cell͒ and circumferential ͑around the cell͒ directions, respectively. The mechanical part of Eq. ͑1͒ describes a viscoelastic ͑Voigt-type͒ model with elastic moduli, C ij , and viscosity ͑Evans and Skalak, 1980; Ratnanather et al., 1996; Liao et al., 2005a, b͒ . The elastic part of the model describes an orthotropic two-dimensional ͑2D͒ membrane, which is consistent with the contribution of the cell cytoskeleton to the effective properties of the wall ͑Tolomeo et Tolomeo and Steele, 1995; Spector et al., 2002͒ . We assume here that the C ij moduli are constant, while in more general models ͑Liao et al., 2005c͒, they depend on voltage via a voltage-dependent stiffness of the cell ͑He and Dallos, 1999͒. The last component ͑term͒ in Eq. ͑1͒ is of the piezoelectric nature ͑Mountain and Hubbard, 1994; Tolomeo and Steele, 1995; Spector, 2001; Dong et al., 2002; Deo and Grosh, 2004; Brownell, 2006͒ . Because we model the physiological case of small potentials, this term takes the form of the product of the transmembrane potential, V, and a coeffi-cient, ͑e x , e ͒, associated with the converse piezoelectric effect in the cell membrane. Figure 1͑b͒ shows a representative cut from the cell wall whose properties are described by Eq.
͑1͒.
The fluids inside and outside the cell are described by the linearized Navier-Stokes equations ͑Tolomeo and Steele, 1998͒:
where p is the pressure, i͑e͒ is the viscosity of the fluid inside and outside the cell, respectively, v is the vector of the fluid velocity, and is the fluid density. We assume no-slip boundary conditions where the velocities of fluids and cell wall at interacting surfaces are equal. We neglect the mass of the thin cell wall; thus, in our model, the inertial effects are associated with the fluid mass vibrating together with the cell.
B. Transmembrane potential
In our model of the outer hair cell active force production, the driving transmembrane potential enters the internal force balance in the cell wall via constitutive Eq. ͑1͒. This potential combines two parts, the membrane ͑receptor͒ potential, V r , and extracellular potential, V e .
The receptor potential is generated by the transducer current in accordance to the properties of the membrane. The outer hair cell membrane comprises lipids, motor proteins, and channels, all of which affect the membrane potential. Such properties are of electrical ͑resistive and capacitive͒ and mechanoelectrical nature. The resistive component is associated with voltage gated ionic channels that are mainly located at the basal part of the cell ͑Housley and Ashmore, 1992; Mammano and Ashmore, 1996; Santos-Sacchi et al., 1997͒ . The capacitive component has two, linear and nonlinear, parts, where the former is associated with the lipid bilayer and the latter results from electric charge transfer by prestin ͑Housley and Ashmore, 1992; Huang and SantosSacchi, 1994; Mammano and Ashmore, 1996͒. The mechanoelectrical component of the membrane properties is associated with the membrane protein prestin and mechanosensitive channels both distributed along the lateral part of the membrane. Prestin exhibits a converse piezoelectric-like effect by transferring an electric charge across the membrane in response to physiological strain, resulting in a displacement current in the membrane ͑Gale and Ashmore, 1997; Kakehata and Santos-Sacchi, 1995͒. The mechanosensitive channels in the outer hair cell membrane were found and described by Ding et al. ͑1991͒ and Iwasa et al. ͑1991͒ and, more recently, by Rybalchenko and SantosSacchi ͑2003͒.
Similar to our previous analyses of high-frequency receptor potentials in outer hair cells ͑Spector et al., 2003 , here we take into account the fine properties of the cell membrane and incorporate them into a model of the receptor potential. This model can be described by
Here, V end is the endocochlear potential; V 0 is the cell resting potential; G s 1 and G s 0 are the total conductance per unit basilar membrane displacement and the "silent" conductance of the transducer channels, respectively; ␣ is the piezoelectric parameter relating the piezoelectric-like displacement current and the strain rate in the membrane; and G m and C m are, respectively, the conductance and capacitance of the lateral membrane. The other parameters in Eq. ͑4͒ are related to the mechanosensitive channels in the lateral mem- brane that are assumed to be sensitive to strain and strain rate: p * is the ratio of the channel's strain and strain rate sensitivity to the strain amplitude 0 , g ch , and V ch are the total conductance and reverse potential of the channels, respectively. Finally, 0 and P * ͑0,0͒ are the parameters of the channel kinetics in a two-state model where the former is the channel typical time and the latter is the steady state value of the probability of the channel being open under the "silent" conditions. The derivation of Eq. ͑4͒ is similar to the corresponding analysis in Spector et al. ͑2005͒ . However, here we use the conductance of the transducer channels per unit basilar membrane displacement and the channel's strain/strain rate sensitivity divided by the strain amplitude 0 . This form of the receptor potential is convenient to further analysis of the outer hair cell active force per unit basilar membrane displacement.
We will now show that the amplitude of the receptor potential is proportional to the amplitude of the basilar membrane displacement, d BM . The first term in the numerator is proportional to d BM ͓Eq. ͑4͔͒. The second and third terms are proportional to the cell strain amplitude, 0 . The cell ends are assumed to be attached to two vibrating structures, basilar membrane/Deiters' cell and tectorial membrane/reticular lamina complexes. Thus, the cell strain can be defined as the ratio of the difference between the displacements of the two attached structures over the cell length, L 0 ͑Fig. 2͒. If we assume that these displacements are inversely proportional to the stiffness of the corresponding complex and also take into account that the basilar membrane/Deiters' cell complex is significantly stiffer ͑Gummer et al., 1981; Olson and Mountain, 1998; Zwislocki and Ceferatti, 1989; Scherer and Gummer, 2004͒ , the amplitude of the cell strain can be expressed by the following approximate equation:
where S BM and S TR is the stiffness of the basilar membrane/ Deiters' cell and tectorial membrane/reticular lamina complex, respectively. Thus, the whole receptor potential is proportional to the displacement of the basilar membrane, which will be important to our discussion to follow. We can now consider the second component of the transmembrane potential-the extracellular potential, V e . Our analysis of this potential will be based on the latest experimental data of Fridberger et al. ͑2004͒ . According to these data, the extracellular potential can be presented in the following form:
where f is the experimental amplitude a "tuning-type" function of frequency, and phase, , is about 130°with respect to the basilar membrane displacement. These amplitude and phase were reported by Fridberger et al. ͑2004͒ in the case of CF= 18 kHz. In the following, we present our predictions for a CF different from 18 kHz. To do that, we use the experimental curve for the amplitude f of the extracellular potential from Fridberger et al. ͑2004͒ and "shift" it along the frequency axis to the corresponding CF. To incorporate the extracellular potentials into our model, we used the points of 
In this expression of the transmembrane potential, the receptor component, V r , is given by Eqs. ͑3͒ and ͑4͒, while its extracellular component, V e , is described by Eq. ͑6͒.
C. Model parameters
The model includes several groups of parameters that characterize the mechanical properties of the cochlear structures, external and internal fluids, and cell wall; electrical properties of the cell stereocilia; and mechanoelectrical properties of the cell membrane. The physiological ranges for these parameters were discussed before ͑Liao et al., 2005a, b; Spector et al., 2003 . In the following, we present the parameter values chosen for the current modeling: The mechanical characteristics are compiled in Table I and the electrical/mechanoelectrical parameters are presented in Table II .
III. RESULTS
Here, we present the results of our modeling of outer hair cell active force and transmembrane potential under high-frequency conditions. The figures are organized as follows. For both the force and potential, we present their amplitude and phase ͑with respect to the basilar membrane displacement͒. The mechanoelectrical properties of the cell To give a comprehensive analysis of the frequency effect on the active force, we present two sets of figures. First, we show the active force and transmembrane potential versus frequency for constant ͑frequency-independent͒ amplitude of the basilar membrane displacement. The basilar membrane is frequency tuned, and its maximal response corresponds to a frequency close to the local CF ͑e.g., Ruggero, 1992; Robles and Ruggero, 2001͒ . The first set of figures presents the simulation of outer hair cell's responses corresponding to the frequency that causes the maximal ͑the same throughout the cochlea region under consideration͒ displacement of the basilar membrane. The results presented in the figures of the second set explicitly take into account the tuning of the basilar membrane: We consider two cells corresponding to two CFs and show their responses to a range of frequencies. For each frequency, the basilar membrane has a different displacement, and the cell has its corresponding response. We assume that the maximal displacements of the basilar membrane for two cells ͑two CFs͒ are the same and equal to the displacement considered in the first set of figures. The level of the basilar membrane maximal displacement was chosen at 1 nm, which corresponds to about 30-40 dB SPL ͑e.g., Nilsen and Russell, 1999; Fridberger et al., 2004͒ . According to Eq. ͑5͒ and Table I, this basilar membrane displacement causes a strain of about 0.15% in short outer hair cells located in the high-frequency region of the cochlea. Figures 3͑a͒ and 3͑b͒ show the amplitude and phase, respectively, of the active force for constant ͑1 nm͒ level of the basilar membrane displacement in the frequency range between 15 and 35 kHz. Figures 3͑c͒ and 3͑d͒ show the amplitude and phase of the transmembrane potential under the same conditions. To illustrate the relative effects of the mechanical and electrical modes of the high-frequency membrane filtering, we present Fig. 4͑a͒ showing the active force under conditions of constant transmembrane potential ͑force per unit of this potential͒. To show the effect of the frequency roll-off on the transmembrane potential, Fig. 4͑b͒ presents this potential in the whole frequency range ͑from low frequencies up to 35 kHz͒. In Figs. 5͑a͒ and 5͑b͒ , we plot the amplitude and phase of the active force for the cell corresponding to CF= 18 kHz in the frequency range between 13 and 23 kHz. Figures 5͑c͒ and 5͑d͒ show the amplitude and phase of the transmembrane potential produced by the same cell under the same conditions. Finally, Figs. 6͑a͒ and 6͑b͒ show, respectively, the active force amplitude and its phase, while Figs. 6͑c͒ and 6͑d͒ present; respectively, the transmembrane potential amplitude and its phase for CF = 30 kHz and frequency range between 25 and 35 kHz.
IV. DISCUSSION
A. Effect of cell membrane mechanoelectrical properties
Here ͑Figs. 3, 5, and 6͒, we concentrate on the effect of the membrane properties on the cell active force. In this regard, Figs. 4͑a͒ and 4͑b͒ provide an important background to look separately at the mechanical and electrical modes of the force modulation. Our data show that the electrical filtering is more significant to the frequency modulation of the cell physiological electromotile response than the mechanical filtering. Indeed, the active force amplitude in Fig. 3͑a͒ monotonically decreases from 52 to 31 pN ͑about 40%͒ between frequencies of 15 and 35 kHz. On the other hand, the active force per unit transmembrane potential in Fig. 4͑a͒ is 64 pN/ mV at frequency of 15 kHz, and it is 56 pN/ mV at frequency of 35 kHz, which corresponds to just about a 12% decrease. Moreover, the latter force has a region of plateau/ slight increase from 15 kHz to a frequency of 25 kHz, after which it decreases. Our modeling shows that mechanoelectrical coupling in the outer hair cell membrane ͑piezoelec-tricity and mechanosensitive channels͒ can have a strong effect on the high-frequency active force. All results ͓e.g., Figs. 3͑a͒, 5͑a͒, and 6͑a͔͒ show several-fold greater active force amplitude compared to that predicted by the RC analysis. It is interesting to estimate the effect of the membrane mechanoelectrical properties at different frequencies. The RC analysis predicts a significant decrease of the force with frequency increase. The piezoelectricity contribution stays about the same, and the effect of the mechanosensitive channels decreases with the frequency increase ͓e.g., Fig. 3͑a͒ and our previous theoretical analysis in Spector et al. ͑2003, 2005͔͒. Overall, the relative effect of the mechanoelectrical properties increases with the frequency increase ͓compare the force amplitudes at 15 kHz with those at 35 kHz in Fig.  3͑a͔͒ . This conclusion is true for both the active force and transmembrane potential ͓Figs. 3͑a͒ and 3͑c͔͒. 
B. Effect of the extracellular potential
While the extracellular potentials have previously been reported ͑e.g., Russell and Kössl, 1992͒, here we use the latest data by Fridberger et al. ͑2004͒ providing both the potential and basilar membrane displacement under the same conditions. Namely, the data from Figs. 3 and 6 in Fridberger et al. ͑2004͒ are, respectively, used for the extracellular potential amplitude and phase, and they are incorporated into our model via Eq. ͑6͒. In the part of our result presented in Fig. 3 , we assumed constant extracellular potential amplitude of about 0.17 mV throughout the frequency range under consideration. The results in Figs. 5 and 6 were obtained by using an approximation of the actual points ͑Fridberger et al., 2004͒ of the tuned extracellular potential. From the obtained results, we conclude that the extracellular potential can be a factor in balancing the capacitive filtering of the membrane part of the potential, and it contributes about 30% to the difference between our estimate of the active force and its prediction on the basis of the RC analysis.
C. Basilar membrane tuning
Our model shows that the basilar membrane tuning shapes the frequency dependence of the active force generated by a local outer hair cell. However, the force does not fully follow the frequency response of the basilar membrane displacement. This is because the basilar membrane tuning affects the local active force via the two-component transmembrane potential V ͓Eq. ͑7͔͒, where the first of these components, V r , follows the basilar membrane tuning curve, and the other, V e , exhibits sharper tuning in the post-CF region. The tuning curves at two different CFs, 18 and 30 kHz, look similar with the maximal values corresponding to frequencies slightly below the corresponding CFs.
However, the maximal value of the active force decreases with increase of the CF: These values are 48 pN ͓Fig. 5͑a͔͒ and 35 pN ͓Fig. 6͑a͔͒ for the CF of 18 and 30 kHz, respectively. This is consistent with the results in Fig. 3͑a͒ that show a frequency decrease in the maximal values of the active forces. The magnitude of the active force drops FIG. 3 . Amplitude and phase of the active force ͓͑a͒ and ͑b͒, respectively͔ and transmembrane potential ͓͑c͒ and ͑d͒, respectively͔ in the high-frequency ͑between 15 and 35 kHz͒ region of the cochlea. The presented results correspond to a constant maximal displacement of the basilar membrane ͑1 nm͒. Each characteristic is presented in four versions: crossed lines ͑RC-approach͒, dotted lines ͑electrical+ piezoelectric properties of the membrane͒, dashed lines ͑electrical+ piezoelectric properties of the membrane+ mechanosensitive channels͒, and solid lines ͑full model, including the extracellular potential͒.
several-fold outside a band of ±2 -3 kHz around the maximal point; and this drop is asymmetric, being steeper in the post-CF region.
The tuning of the active force is significant because it shows that the force production is effective in the narrow frequency range around the local best frequency, and this result is consistent with our understanding of cochlear mechanics.
D. Phase of the active force
Figures 3͑b͒, 4͑b͒, and 5͑b͒ show the frequency dependence of the active force phase relative to the basilar membrane displacement. This phase is 180°at low frequencies, and its frequency modulation has two components. The first is associated with the frequency effect on the force per unit transmembrane potential, and the second is related to the frequency filtering of the transmembrane potential. The phase of the force per unit transmembrane potential monotonically deviates from 180°with frequency increase ͓Fig. 4͑a͔͒. The phase of the transmembrane potential slightly changes with frequency increase in all cases under consideration ͓Figs. 4͑d͒, 5͑d͒, and 6͑d͔͒. As a result of this combination of two frequency effects, the active force phase also deviates from 180°with frequency increase ͓Figs. 3͑b͒, 4͑b͒, and 5͑b͔͒. Out of four cases of the active force phase considered in Figs. 3͑b͒, 4͑b͒ , and 5͑b͒, the largest and smallest deviation from 180°correspond, respectively, to the "RC" and "RC+ piezoelectricity" versions of the model. The active force phase corresponding to the model with the mechanosensitive channels and to the full model results in values between the RC and RC+ piezoelectricity cases. The effect of the extracellular potential on the active force phase is relatively small, although it produces an interesting local mini- 
E. Outer hair cell transmembrane potential: Model versus experiments
Our predictions of the active force are based on our estimates of the driving transmembrane potential. The obtained results for the transmembrane potential are consistent with a number of qualitative observations in earlier experiments, such as frequency roll-off ͑Preyer et al., 1996͒ or frequency tuning of in vivo potential ͑Russell and Kössl, 1992͒. Due to strong tuning, the magnitude of the receptor potential is highly sensitive to frequencies near the frequency corresponding to the maximal displacement of the basilar membrane ͑Figs. 5 and 6͒. This is similar to observations of Russell and Kössl ͑1992͒ that showed a significant difference between the potentials corresponding to frequencies of 19 and 22 kHz recorded at the point of best frequency of 18 kHz. Finally, the maximal values of the intracellular ͑Russell and Kössl, 1992͒ and extracellular ͑Fridberger et al., 2004͒ potentials corresponding to the basilar membrane displacement of about 1 nm are on the order of magnitude of tenths of a millivolt. This is the same range that is predicted by our model. However, a more comprehensive quantitative comparison between the model transmembrane potential and the experiment is not presently possible due to frequency limitations of the earlier systems ͓e.g., the time constant of the recording system of Russell and Kössl ͑1992͒ was 1 -3.5 kHz͔ and high sensitivity of the results at frequencies close to the local best frequency. Thus, such comparison and, maybe, the corresponding refinement of the model can be made later when newer experimental data become available. 
F. Significance of the outer hair cell active force to the cochlear amplification
A comprehensive analysis of the significance of the predicted active force will probably require incorporating our individual outer hair cell's model into a dynamic model that includes the elastic, viscous, and inertial properties of the cochlear components. We can, however, make further estimates on the basis of our present analysis.
First, we can estimate the overall active ͑electromotility related͒ force involved in the amplification of the basilar membrane. The experiment in guinea pigs shows that the width of the peak of the basilar membrane displacement corresponding to 30-40 dB SPL amplification is about 1 mm ͑Russell and Nilsen, 1997͒. This estimate is also consistent with models of the cochlea as a whole ͑e.g., Geisler, 1998͒. Assuming that the cell diameter and the distance between neighboring columns of outer hair cells are equal to 10 and 4 m, respectively, we can estimate that about 70 columns, or 210 outer hair cells, are involved in the production of this peak. Our estimate of the maximal force is about 35 pN per cell in the region of the CF of 30 kHz. Thus, all these cells can generate a total force of about 7 nN. Note that this may be an overestimate because not all cells produce the force of the same level.
The cochlear amplification is most effective near the hearing threshold, and we can now discuss the significance of the outer hair cell active forces at low sound pressure levels. Our results presented earlier ͑e.g., Figs. 3, 5, and 6͒ correspond to the basilar membrane displacements of 1 nm that can be associated with 30-40 dB SPL. For this level of sound intensity as well as below it, the basilar membrane displacement is sound pressure level linear, since the compressive nonlinearity starts at higher sound intensity levels. It can be shown ͓Eqs. ͑1͒ and ͑5͔͒ that the model outer hair cell's active force is proportional to the basilar membrane displacement. This means that for the linear range of consid- eration the force is also proportional to the sound pressure level. To use our results in the analysis of lower sound pressure levels, we can introduce the outer hair cell's active force per unit basilar membrane displacement ͑its maximal amplitude͒. In the case of 30-40 dB SPL, this characteristic ͑ratio͒ will be equal to 40 pN/ nm. Thus, in the linear range of the basilar membrane responses, the force per unit basilar displacement will be sound pressure level invariant ͑stays the same͒.
In summary, we propose a model of the outer hair cell active force production that takes into account the mechanical, electrical, and mechanoelectrical properties of the cell as well as the effects of the cochlear environment around the cell. The latter includes the viscosity of the perilymph, stiffness of the reticular lamina/tectorial membrane and basilar membrane/Deiters' cell complexes, frequency tuning of the basilar membrane, and acoustic changes in the extracellular electric potential. We investigated both the mechanical and electrical modes of high-frequency filtering of the outer hair cell active force and found that the latter mode is more critical. Our model shows a frequency roll-off and tuning of the active force. We found that despite significant frequency modulation an individual outer hair cell is capable of production of a 40 pN physiological active force under conditions of 30-40 dB SPL. This estimate can be converted to an active force per unit basilar membrane displacement of 40 pN/ nm, the same in the whole linear range of the basilar membrane responses. Thus, the estimated active force is also significant at low sound pressure levels close to the hearing threshold.
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APPENDIX
The main constitutive equations were presented earlier in Sec. II. Here, we describe the major steps of our computational algorithm ͑see also Liao et al., 2005a, b͒ . First, we specify the basilar membrane displacement, d BM , that determines the transducer current ͓Eq. ͑4͔͒ and the cell strain, 0 . Then, we compute the receptor, extracellular, and transmembrane potentials ͓Eqs. ͑4͒, ͑6͒, and ͑7͒, respectively͔. As a result, we have the electric input via potential V in Eq. ͑1͒. After that, the constitutive relation in Eq. ͑1͒ can be presented in terms of components, u x and u , of the elastic displacement of the cell wall Here, the traction components, r and , are determined by the interaction between the cell wall and the fluids via the no-slip conditions. Also, the N end term in Eq. ͑A2͒ reflects the end cap interaction with the vibrating fluid and is expressed by 
͑A3͒
where u end is the axial displacement of the cell end. Finally, N constr -component reflects the cell interaction with the constraints ͑cochlear structures͒. Since the basilar membrane/ Deiters' cell complex is much stiffer, we use the fixed-end boundary condition for the lower end of the cell. Thus, N const is defined as
The force, F a =2r c N constr , is the active force generated by outer hair cell and sensed by the cochlear structures. Thus, Eqs. ͑A1͒-͑A4͒ describe the relationship between the driving transmembrane potential and resulting force produced by the cell.
To obtain a numerical solution, we assume the axisymmetry of the problem with respect to the coordinate, and use ͓following Tolomeo and Steele ͑1998͒, Laio et al. ͑2005a, b͔͒ Fourier expansions in terms of the x coordinate. Note that recently Lim and Li ͑2007͒ proposed a direct ͑nonanalytical͒ finite-difference method to solve outer hair cell-related dynamic problems. Expanding each model function in terms of Fourier series and combining Eqs. ͑A1͒-͑A4͒, the vector of the Fourier coefficients of the elastic displacement, u, can be expressed in terms of that of the piezoelectric term, piez , as
where the generalized stiffness matrix ͓K͔ is determined by the mechanical properties of the cell wall, both fluids, and constraint ͑reticular lamina/tectorial membrane complex͒.
Computing the displacement vector, we find the end displacement and, finally, the active force produced by the cell. 
